Left ventricular (LV) pressure-volume (PV) relations of quasi-isobaric contractions around zero transmural pressure were studied with a new volumetric method. Left ventricles of isolated cross-circulated dog hearts were connected to a large air tank through the mitral annulus. The volume of the air space was changed with a volume servo pump to oscillate the transmural pressure (P) around zero. Instantaneous LV volume (V) was computed from P by Boyle's law (P-V = constant) to draw the PV trajectories of the isobaric contractions. The end-systolic PV relation (ESPVR) and end-diastolic PV relation (EDPVR) curves intercepted the volume axis at two different volumes (Vo and Vu, respectively). The slopes of both ESPVR and EDPVR curves as well as Vo and Vu were variably influenced by positive and negative inotropic states, heart rate changes, arrhythmias, ischemia, and rigor. In control before any interventions, LV stroke and suction volume (AV = Vu-Vo) at zero P was 7.5 ±2.5 (SD) ml/100 g left ventricle, which changed with the changes in Vo and Vu. AV decreased with decreases in P from zero and virtually vanished at a pressure (Pn) of -9.5 ± 2.0 mm Hg. Directly measured LV dead volume (Vd) at Pn was 4.1 ±1.3 ml/100 g. The results seem essential for evaluation of LV filling and suction during diastole. (Circulation Research 1988;63:361-372)
I nformation about the left ventricular (LV)
pressure-volume (PV) relation around zero transmural pressure is crucial for quantitative evaluation of the capability of LV filling and suction during diastole. Although LV systolic and diastolic PV relations have been extensively investigated, 1 the pressure range studied was confined to the positive range in most studies 2 -3 and has been extended to the negative range in only a few studies. 4 - 6 We previously quantified LV suction volume under zero filling pressure by immersing the excised cross-circulated dog left ventricle preparation in a blood pool. 7 We have found that the suction volume, which was first documented by Bloom 8 in an excised rat heart 30 years ago, had a surprisingly high value of 8 ± 3 ml/100 g left ventricle in dog left ventricle as compared with less than 1 ml/100 g left ventricle documented by Brecher. 9 However, inertia of the sucked and ejected blood did not allow us to obtain isobaric contractions, producing a systolic pressure of about 6 mm Hg and a diastolic pressure of about -2 mm Hg around zero transmural pressure. 7 Moreover, this preparation did not allow us to study the systolic and diastolic PV relations in the negative pressure range and in terms of absolute volume. Although LV pressure and volume could be controlled and measured by the intraventricular balloon method, 510 the degree of balloon fitting to endocardium will be a problem in the negative pressure range. 1112 In addition, the rigid balloon connector in the mitral annulus may hinder natural contraction (by 20% in diameter) of the mitral annulus. 13 To circumvent these problems and study LV systolic and diastolic PV relations around zero transmural pressure, we devised a new volumetric method: left ventricle was connected to a large air space through the mitral annulus without an intraventricular balloon and a mitral connector in the excised, cross-circulated dog heart. By this method, we were able to study LV systolic and diastolic PV relations around zero transmural pressure under different loading, heart rate, and contractile condi-tions. The results seem crucial for evaluation of LV filling and suction during diastole.
Materials and Methods Preparation
We made the excised, cross-circulated dog heart preparation as described previously. 714 Briefly, two adult mongrel dogs (8-15 kg) were anesthetized intravenously with a mixture of a-chloralose (50 mg/kg) and urethane (500 mg/kg) after premedication with ketamine hydrochloride (7 mg/kg i.m.). Cross-circulation tubes were cannulated into the common carotid arteries and jugular vein in the larger dog (support). The chest of the smaller dog (heart donor) was opened under artificial ventilation. The arterial and venous cross-circulation tubes from the support dog were cannulated into the left subclavian artery and the right ventricle through the right auricle. The cross-circulated beating heart was isolated from both systemic and pulmonary circulation and excised from the chest. Systemic hypotension due to allergic reaction under cross-circulation was minimized with diphenhydramine hydrochloride (30-60 mg i.m.).
The left atrium was opened, and all chordae tendineae were cut. A semirigid tube ( flange (o.d., 26 mm; length, 3 mm) on its mitral end was fixed approximately 5 mm above the mitral annulus by a purse-string suture. The opened atrium was tied on the tube until air-tight. The tube was not placed in the mitral annulus to allow the mitral annulus to contract freely and change its diameter. 13 The tube was connected to a newly designed volumetric system, which is mentioned below. The aortic valve remained closed by the perfusion pressure of about 75 mm Hg. Temperature of the heart was maintained at 35-37° C by warming the arterial crosscirculation tube in a thermostat bath. Figure 1 shows the experimental system with which we determined LV volume (V) from LV pressure (P). A closed-air system consisted of a large air chamber, a volume servo pump, left ventricle, and connecting tubes (polyvinyl; i.d., 16 mm; o.d., 20 mm; total length, approximately 1 m) between them. Given V B milliliters for a constant volume of the air chamber, V c milliliters for a constant volume of a connecting tubing, Vp(t) milliliters for actively varied volume of the pump, and V H (t) milliliters for instantaneous volume of left ventricle. Air pressure, P(t) millimeters of mercury, in the closed-air system was measured with a pressure gauge (Statham P23ID). P(t) was assumed to be even throughout the closed-air space. By Boyle's law,
Volumetric System
where n = number of moles of air gas in the entire air space, R = gas constant of air, and T = absolute temperature. From Equation 1,
Equation 2 indicates that V H (t) can be determined from P(t) and Vp(t) when nRT and V B + V C are known. We empirically determined constants K = nRT and V B + V C as follows. When the connecting tube from V B + V c and Vp(t) to left ventricle was closed, V H (t) was equivalent to zero. Then, we set P(t) = atmospheric pressure, P o , by opening the air system to the atmosphere. Simultaneously, we set V P = 0 corresponding to a neutral position. Next, we produced a known volume change, AV P , and measured a resultant pressure change, -AP. From these two sets of data, we obtained from Equation 2: With Equations 5 and 6, we determined constants VB + V c a n d K. with a signal processing computer (model 7T17, NEC San-ei, Tokyo), which sampled P(t) and Vp(t) signals at a sampling rate of 200 Hz and stored them. Once we knew the values for V B + V C and K, we were able to determine V H (t) from both P(t) and Vp(t) by Equation 2 with the computer.
Although we determined K = nRT as a constant, T was probably not constant throughout the air system. It was likely that the air was warmed in and near the heart, whereas it was cooled in the tube and the bottle. In practice, we assumed tacitly that an average T within the air system was virtually constant in a dynamic heat equilibrium for the sake of simplicity of calculation. This assumption should not cause any serious error because we could empirically determine K in a reproducible manner.
One problem to be solved was that air temperature T in K = nRT is not constant because of incomplete adiabatic process when air is compressed and decompressed in a closed airspace. 23 A change in T adversely affects P(t) and, hence, causes an error in calculated VH(0. When Vp(t) was changed in steps, P(t) changed in steps with considerable overshoots. To minimize the adiabatic temperature changes and resultant changes in P(t), we loosely stuffed many sheets of copper mesh (0.2-mm wire, 1-mm mesh, approximately 300 g corresponding to 34 ml) into the flask for V B after Monroe and French. 2 The adiabatic T and P(t) changes thereby became smaller and decayed faster, as shown in Figure 1A .
We then processed the air pressure signal with the same electric CR filter as used before for the air pressure signal of the cardiometer system. 3 This filter practically canceled out the residual overshoot component of P(t) due to the adiabatic T change, 3 as shown in Figure IB . As a result, we could obtain P(t) changes in proportion to volume changes of the air space. The frequency characteristic of this volumetric system was flat up to 20 Hz ( -3 dB) as studied by producing known changes in Vp(t). We considered that this frequency response was reasonable in the present study. V B was approximately 1,250 ml in a glass flask. V c was approximately 100 ml. Vp(t) in the neutral position was approximately 100 ml. When the total air space was approximately 1,450 ml, a 10-ml change in V H (t) produced AP of approximately 5.2 mm Hg.
The overall stability and reliability of the volumetric system including left ventricle was confirmed in two ways as follows. One way involved a 10-20-ml stepwise increase in V H and a monitoring of P(t) over 20 seconds at the beginning of each experiment. A monotonic decrease (>1 mm Hg) in P(t) tracing indicated either air leak or decreasing T or both to an extent that should not be neglected. The other way involved a check of the reproducibility of the PV trajectories obtained over one cycle (20 seconds) of triangular changes in Vp(t) in the experimental run. A more than 2-3 ml shift of the PV trajectories drawn in the PV diagram indicated either air leak or changing T or both to an extent that should not be neglected. Then, we made the volumetric system including left ventricle more air tight and reconfirmed the stability and reproducibility. Once the air leak problem was settled, there was no indication of changing T, and we started the experiment.
Protocol
We first clamped the connecting tube just before the left ventricle to set V H (t) equivalent to zero. We changed Vp(t) at a frequency of 0.05 Hz by an amplitude of approximately ± 30 ml in a triangular wave. The computer calculated V H (t) on-line from the measured P(t). Because the calculated V H (t) should be zero under this condition, we adjusted the time constant of the CR filter 3 ( Figure 1C ) for P(t) signal so that changes in the calculated V H (t) became stable at zero throughout one cycle of the change in Vp(t) ( Figure 4A ). A volume allowance of this zeroing was approximately 0.5 ml.
Under the same condition, we determined V B + V c and K with the computer with Equations 5 and 6. P o was read on a barometer. It changed day by day and was 759 ±6 (SD) mm Hg. V B + V C and K were determined to be 1,458± 13 ml and (1.07 ±0.09) x 10 6 mm Hg-ml, respectively, on the average among experiments. We determined V B + V c and K repeatedly during the experiment. The V B + V C and K values remained virtually constant (less than approximately 2%) over 3-5 hours of each experiment. The V B + V C and K values were saved in the computer and used for calculation of V H (t) from P(t) in the following experiments.
In all eight hearts, we first studied LV PV relations in control contractile state. By "control," we mean the contractile state of the excised crosscirculated heart preparation without any intentional inotropic interventions. At the beginning of each run, we sucked out all thebesian blood remaining in LV cavity with a syringe and opened the clamp on the connecting tube of left ventricle. The triangular change in Vp(t) was continued as shown in Figure 2 . After 0.5-1.0 minute, we sampled P(t) for 1 minute at a rate of 200 Hz with the computer. The computer processed P(t) data and displayed PV trajectories of the quasi-isobaric contractions against varied pressure load within approximately 20 mm Hg around zero transmural pressure. The thebesian blood that had been accumulated in left ventricle was again sucked out with a syringe, and the same control run was repeated two to four times to examine the reproducibility of the result. This is the main protocol carried out in all eight hearts.
We performed some auxiliary protocols as follows. Three of the eight hearts were paced by paired pulse stimulation with a variable coupling interval to produce bigeminy with varied prematurity and potentiation. Four of the eight hearts received epinephrine administered directly into the coronary arterial tube to enhance ventricular contractility. Two of the eight hearts were paced at different rates by atrial pacing. At the end of experiments in four of the eight hearts, coronary perfusion pressure was decreased in steps to zero until arrest. At the end of experiments in six of the eight hearts, a 20-ml bolus of CaCl 2 solution (1 meq/ml) was infused into the coronary artery to produce rigor after ischemic arrest. We studied PV relations under all these conditions by the same method as described above for the control study.
Data Processing
Theoretically, the calculated V H (t) represents the absolute LV volume. However, a slight change in K = nRT may occur each time the thebesian blood was sucked out from left ventricle in each experiment. Even a small change in K would affect absolute value for V H (t) considerably because V H (t) changes directly with nRT/P(t) in Equation 2, where nRT=10 6 mm Hg • ml, P(t)=760 mm Hg, and, hence, nRT/P(t)= 1,316 ml. One percent error in nRT would produce a V H (t) error of 13 ml.
To circumvent this problem, we did not determine absolute values for V H (t) from the calculated V H (t). Instead, we used the calculated V H (t) to obtain relative values for V H (t) only and obtained absolute values for V H (t) as follows. P(t) was first decreased to a negative pressure Pn at which stroke volume of contraction became negligibly small (i.e., less than 0.5 ml). We then quickly replaced all the residual air space within left ventricle with saline at Pn. All the saline was then sucked out into a syringe to a pressure of approximately -200 mm Hg, and its volume was measured. We considered that this volume represented dead volume Vd of left ventricle collapsed by Pn. Vd was added to instantaneous V H (t) in excess of V H (t) at Pn to obtain absolute values of V H (t). In five of the eight hearts, we measured continuously myocardial oxygen consumption (VO2) of the heart to compare VO2 of the quasi-isobaric contraction at zero transmural pressure with Vc»2 of the collapsed contraction at Vd. VO2 was measured as the product of coronary blood flow and coronary arteriovenous oxygen content difference. Coronary blood flow was measured with an electromagnetic flowmeter (Nihon Kohden MVF-2100 and FF-050T probe, Tokyo) in the coronary venous draining tube from the right heart like in our recent study of V02. l4 Coronary arteriovenous oxygen content difference was continuously measured with an AVOX system, 15 calibrated against a Lex-O 2 -Con oxygen content analyzer.
At the end of each experiment, the atria and the right ventricular free wall were trimmed off, and left ventricle with the interventricular septum and the right ventricular (RV) free wall were weighed. Left ventricle with the septum was 61.8 ±7.9 g and with the RV free wall was 21.3 ±3.1 g. ml in a triangular wave in a period of 20 seconds (0.05 Hz). With the volume changes in the air space [VB + VC + VPCO + VHW], P(t) increased and then decreased in a triangular wave on which were superimposed pressure waves in synchrony with LV contractions. The amplitude of the pressure wave by LV contraction was greater at a higher P(t) and smaller at a lower P(t), vanishing (<0.5 ml) below a negative pressure Pn of -7 mm Hg in this example. From these P(t) and Vp(t), we calculated LV P(t) and \ H (i) and drew LV PV trajectories as shown in the Figures 3-8 . Figure 3 is a representative example of LV PV trajectories of quasi-isobaric contractions within approximately 20 mm Hg over 10 seconds in control contractile state. This tracing was obtained in an increasing phase of P(t). Essentially the same tracing was obtained in a decreasing phase of P(t). The volume excursion of the LV trajectory of each contraction indicates stroke volume at different P(t) levels. The maximal (right most) volume of each contraction is the end-diastolic volume, and the minimal (left most) volume is the end-systolic volume. These volumes and stroke volume decreased with decreases in P(t). Stroke volume was less than 0.5 ml and practically vanished below a negative pressure Pn of approximately -12 mm Hg in this example. The upper and lower enveloping (dashed) curves, which we drew manually to pass through the end-diastolic and end-systolic PV points, of the PV trajectories indicate the end-systolic PV relations (ESPVR) and end-diastolic PV relations (EDPVR) of these contractions.
Results
In Figure 3 , the volume-axis intercept of the EDPVR curve is marked by Vu and that of the ESPVR curve by Vo. The difference between Vu and Vo, AV = Vu -Vo, indicates stroke and suction volume that occurred alternately during LV systolic ejection and diastolic suction at zero transmural pressure load. Mean±SD of AV in eight hearts was 4.5 ±1.7 ml, or 7.5 ±2.5 ml/100 g left ventricle in control contractile state. This AV was virtually the same as 7.8 ±3.0 ml/100 g left ventricle for suction volume directly measured under zero filling pressure in our previous study.
ESPVR in the positive pressure range up to 20 mm Hg was relatively linear. Therefore, we fitted a straight ESPVR line passing through the endsystolic PV points of each PV trajectory above the volume axis, as shown in Figure 3 . The slope of this line was identified as Emax. Emax was 5.3 ± 2.2 mm Hg/ml, or 3.4± 1.6 mm Hg/(ml/100 g) in the control contractile state in eight left ventricles. This mean Emax is about half that observed previously in similar excised, cross-circulated dog heart preparations with water-filled intraventricular balloons, 14 although we do not know its reason. With decreases in P(t), ESPVR and EDPVR curves gradually converged on Pn of -9.5 ±2.0 mm Hg in control contractile state in eight left ventricles. Absolute Vd measured at Pn was 2.6 ±0.8 ml, or 4.1 ±1.3 ml/100 g in control contractile state. Vo-Vd was 2.2±0.8 ml, or 3.6±1.7 ml/100 g in control contractile state. Vu -Vd was 6.9 ±2.4 ml, or 11.5 ±5.0 ml/100 g in control contractile state. Absolute Vo was 4.9±1.1 ml, or 7.8 ± 1.8 ml/100 g. Absolute Vu was 9.8±3.0 ml, or 15.8±4.9 ml/100g. Figure 4A shows an example of PV trajectory obtained when the connecting tube to the heart was clamped to make V H (t) = 0. The vertical trajectory drawn in both increasing and decreasing phases of P(t) over approximately 16 mm Hg was practically a straight line within the volume allowance of approximately 0.5 ml. This result indicated that the volumetric system was reliable and the adiabatic T change was compensated appropriately. The inherent error of this volumetric system corresponded to the horizontal width (approximately 0.5 ml) of this vertical PV trajectory. Figure 4B shows an example of PV trajectory of quasi-isobaric contractions in control contractile state similar to that in Figure 3 except for a set of one premature contraction and one postextrasystolic potentiated contraction as pointed by two pointing hands. This trajectory was obtained in a decreasing phase of P(t). The premature contraction started to contract before the diastolic trajectory of the preceding contraction reached EDPVR of regular contractions. Its end-systolic pressure did not reach ESPVR of regular contractions. However, the end-systolic pressure of the potentiated contraction exceeded ESPVR of the regular contractions. This result indicated that ESPVR and EDPVR could be affected by contractile state and relaxation characteristics. Figure 4C was steeper than that transcribed from Figure 4B . EDPVR, however, remained unchanged between Figures 4B and 4C . In the transcription of ESPVR and EDPVR, their Pn ends were superimposed on each other. Stroke volumes of the potentiated beats were greater at comparable pressures than those of control contractions in Figure 4B . The difference in stroke volume was greater at a higher P(t) and decreased as P(t) was decreased to Pn. In Figure  4D , ESPVR of the potentiated contractions was steeper than that transcribed from Figure 4B , and ESPVR of the premature contractions was gentler than the latter. There were also two considerably separated EDPVRs in Figure 4D . Stroke and suction volume at zero transmural pressure was greater in the potentiated beat than in the control or premature beat. These results indicated that both ESPVR and EDPVR were affected by changes in contractile state and relaxation characteristics. Figure 5 shows an example set of PV trajectories of quasi-isobaric contractions in control contractile state ( Figure 5A ) and in an enhanced contractile state with epinephrine (4 ^tg/min intracoronary arterially) ( Figure 5B ) in the same left ventricle. Heart rate was not paced and increased from 96 to 138 beats/min. With the enhancement of contractile state, ESPVR became steeper and EDPVR became gentler. We transcribed both ESPVR and EDPVR in Figure 5B and Figure 5A contractile state than in control, but that at a comparable negative pressure was the same between epinephrine and control. Pn was approximately -6 mm Hg in both control and the enhanced contractile state in this left ventricle. Figure 6 shows an example set of PV trajectories of quasi-isobaric contractions at a sinus rate of 73 beats/min ( Figure 6A ) and gradually increased heart rates by left atrial pacing to 120, 180, and 240 beats/min ( Figures 6B-6D ) in the same left ventricle. ESPVR of the contractions in Figure 6D was transcribed to Figures 6A-6C . It became steeper as heart rate increased. EDPVR in Figure 6A was transcribed to Figures 6B-6D . It also became steeper as heart rate increased. Pn was about -10 mm Hg regardless of heart rate in this left ventricle. Figure 7 shows changes of PV trajectories of quasi-isobaric contractions under control coronary perfusion pressure ( Figure 7A ) and under complete global ischemia ( Figures 7B-7D) . Stroke volume at any pressure level decreased, and ESPVR became gentler under ischemia. Heart rate gradually decreased, and the heart stopped by 15 minutes under the ischemia. EDPVR also became gentler with time under the ischemia. With these changes, the negativity of Pn decreased from approximately -10 mm Hg in Figure 7A to approximately -4 mm Hg in Figure 7B and to almost 0 mm Hg in Figure 7C . Figure 8A ), during ventricular fibrillation ( Figure 8B ), near ischemic arrest ( Figure 8C) , and during progress of postmortem rigor after ischemic arrest ( Figures 8D-8F ). During fibrillation, ESPVR and EDPVR fused into a single curve. After ischemic arrest, we kept P(t) atmospheric by opening the air space except during each data acquisition period of about 1 minute at 5-minute intervals. During the progress of rigor, the single PV curve steepened gradually and became almost vertical by 45 minutes when the rigor was completed. In rigor, we measured LV residual volume, Vr. Vr = 2.3±0.7 ml, or 3.8±1.1 ml/100 g left ventricle. Vr was not different from Vd in individual left ventricles. These Vr values were close to those of 2.6 ±0.6 ml/100 g determined by measuring water in eight postmortem rigor dog left ventricles in a separate study by one of the authors of the present study. (In these hearts, rigor was facilitated by infusing 20-40 ml CaCl 2 [1 meq/ml] solution intracoronary arterially after ischemic arrest. When rigor was completed by 2 hours at room temperature, Vr was determined by measuring water filling the vertically held left ventricle up to the mitral annulus. That the Vr is slightly greater in the present study than in the previous study may be due to the compliant atrial volume [about 1 ml = about 5 mm height x mitral area] between the mitral annulus and the mitral end of the connector.) In quasi-isobaric contractions, we determined the area between ESPVR and EDPVR curves under the volume axis in the PV diagram by planimetry. The area was triangular having apexes at Vu and Vo at P = 0 and Vd at Pn (Figure 3 ). We considered this area to be the systolic PV area (PVA) of an ideally isobaric contraction at zero transmural pressure as presented in "Discussion." We called this area PVAo. PVA had been shown to represent the total mechanical energy generated by the contraction 14 and, hence, PVAo is the total mechanical energy generated by the isobaric contraction at zero pressure load. PVAo was 34 ± 11 mm Hg-ml, or 54± 17 mm Hg • ml/100 g in control contractile state in eight left ventricles. Because 1 mm Hg-ml is physically equivalent to 1.33 xlO~" J, the above PVAo was 0.0045 ±0.0015 J, or 0.0072 + 0.0023 J/lOOg. PVAo slightly increased with the increases in both Pn and AV under enhanced contractile states as seen in Figures 4 and 5 and variably decreased with decreases in both Pn and AV under depressed contractile states as seen in Figure 7 .
VO2 of the quasi-isobaric contraction at zero transmural pressure was 0.0357 ±0.0087 ml O 2 /beat/100 g. V02 of the collapsed contraction at Vd and Pn was 0.0342 ±0.0068 ml O 2 /beat/100 g at the same heart rate in control contractile state.
These two VO2 values were almost equal to each other in each heart, and the mean difference (0.0004 ±0.0032 ml Cybeat/lOO g) was not statistically significantly different from zero (p>0.05, paired / test).
Discussion
In the present study, we successfully determined PV trajectories of quasi-isobaric contractions against negative transmural pressures in beating dog left ventricles with a new volumetric method. We consider PV relations obtained in the present study physiologically reliable for the reasons already stated in "Materials and Methods." Other problems that we solved are discussed below.
Although the thebesian blood accumulated slowly in LV cavity, its flow rate was only 1-2 ml/min in our previous study, 7 which is consistent with the data in literature. 16 Therefore, the volume measurement error due to the thebesian blood was probably only 1/6-1/3 ml in the PV trajectories obtained within a 10-second period of increasing or decreasing phase of P(t). In fact, PV trajectories during one set of increasing and decreasing phases of P(t) were always superimposable within the volume allowance of 0.5 ml.
We analyzed the data from the heart, which was laid horizontally on a gauze bed spread over the blood-collecting funnel in the middle of the venous cross-circulation tube. Left ventricle was always placed upside relative to RV. We chose this position after a preliminary experiment in which we studied the effect of LV position on stroke volume at zero transmural pressure. When left ventricle was placed under RV, both ESPVR and EDPVR shifted upward, accompanied by some decreases in -Pn and AV ( = Vu-Vo). We suspected that RV weight compressed left ventricle and adversely shifted LV ESPVR and EDPVR. On the other hand, when we suspended the heart in the air without supporting the apex, ESPVR and EDPVR shifted down, accompanied by increases in -Pn and AV. We also sutured a thread in LV epicardium placed upside and manually pulled up LV free wall. This procedure also increased both -Pn and AV. By contrast, when LV free wall was pushed down by a finger, both -Pn and AV decreased. These results indicate that ESPVR and EDPVR around zero transmural pressure are subject to surrounding force and pressure conditions including the gravity. Despite this delicacy, suction volume (7.5 ±2.5 ml/100 g left ventricle) at zero transmural pressure in this study was comparable to that (7.8 ±3.0 ml/100 g left ventricle) measured directly with a flowmeter in our previous study, 7 both in control contractile state. This supports that the separation between ESPVR and EDPVR at zero transmural pressure in the present study is reliable. In the previous study, the heart was immersed in a blood pool and, hence, free from the gravity. 7 Therefore, the LV transmural pressure was zero when there was no flow through the mitral annulus. 7 Under this condition, stroke and suction volume measured with an electromagnetic flowmeter across the mitral annulus should indicate stroke and suction volume of contraction at zero afterload pressure as well as zero source pressure for filling. 7 This volume corresponds to the separation between Vo and Vu. 7 When ESPVR and EDPVR were determined in isovolumically contracting left ventricle of excised cross-circulated dog heart, they merged together at a pressure of -10 to -30 mm Hg and at a finite positive volume (Vd), which was 2-3 ml smaller than the volume axis intercept (Vo) of ESPVR. 5 We have observed similar values in the same type of LV preparation, although they are not documented in our previous papers. 71014 We suspect that these data may have been influenced to some extent by the intraventncular balloon and the rigid mitral ring for the balloon. It is likely that when a soft elastic chamber is mechanically restricted in shrinkage, a higher negative pressure can easily be generated when one tries to shrink the chamber by suction. In fact, Pn of -30 mm Hg at Vd in left ventricle installed with the balloon and connector seems twice or threefold as negative as compared with our present data from the unrestricted left ventricle.
Our present data show obviously that ESPVR and EDPVR can shift depending on various positive and negative inotropic interventions such as arrhythmias (Figure 4 ), paired pulse stimulation (Figure 4 ), epinephrine ( Figure 5 ), heart rate ( Figure 6 ), fibrillation (Figure 7) , ischemia (Figure 7) , and rigor (Figure 7) . These shifts accompany changes in Vo and Vu. As the result, AV(equals Vu-Vo) also changes variably with relative shifts of ESPVR and EDPVR by different inotropic interventions. This seems to be the mechanism underlying the changes ( + 15%~-40% of control AV) in the stroke and suction volume at zero pressure directly measured with a flowmeter under different inotropic interventions in our previous study. 7 Changes in Vo can be accounted for by a variable slope (Emax) of a linearized ESPVR if its pivot is assumed to be fixed at constant Vd and Pn, as shown in Figure 9 . We assume the linearity of ESPVR despite its nonlinearity below about -5 mm Hg as seen in Figure 3 . The variable slope of the PV relation with a negative pressure pivot is consistent with that of Klip. 17 With increases in Emax, ESPVR rotates counterclockwise around the pivot. The magnitude of a change in Vo for a given change in Emax is greater at a lower Emax as follows. Given AEmax for a change in Emax, mathematics shows that Vo for Emax is Pn/Emax + Vd and Vo for Emax + AEmax is Pn/(Emax + AEmax) + Vd, where Vd and Pn are assumed to be the pivot coordinates. From these two Vos, we obtain A Vo = Pn( AEmax/Emax )/(Emax + AEmax). For Pn= 10 mm Hg and Emax= 10 mm Hg/ml (a typical value in the left ventricle of a 12-kg dog), 14 AVo will be 0.3 ml for AEmax of 5 mm Hg/ml and -1.0 ml for AEmax= -5 mm Hg/ml. These volume changes are only small fractions of normal Vo of approximately 5-8 ml but comparable with the reported values (1-2 ml) for Vo changes with Emax. 3 PVAo, or PVA under the volume axis, was assessed in the present study for the first time. Generation of PVA measured in the positive pressure range requires Vo 2 . 1418 However, we have neglected PVAo in our previous studies 1418 could not reliably be determined in the previous LV preparations. 1418 We are relieved by the practically negligible magnitude of PVAo as compared with the magnitude of PVA (500-3,000 mm Hg-ml) of ordinarily loaded contractions in dog left ventricles. 14 The slope of the VOj-PVA relation has been 1.8 x 10~5 ml 0 2 /(mm Hg-ml) on the average. 1418 Multiplication of this slope with mean PVAo (34 mm Hg • ml) obtained in this study yields Vc^ of 0.0006 ml O 2 /beat. This estimated Vc>2 for PVAo is negligibly small as compared with measured V02 (0.025-0.1 ml O 2 /beat) of ordinarily loaded contractions in dog left ventricles. 14 Moreover, Vo 2 of mechanically unloaded contractions at Vd with zero PVAo and VO2 of quasi-isobarically ejecting contraction at zero transmural pressure with mean PVAo of 34 mm Hg-ml were not statistically significantly different. This supports our contention that PVAo can be neglected as a factor to determine Vo, in practice..
However, PVAo is an important factor in diastolic suction. We will explain the physiological significance of PVAo using a simple electric model shown in Figure 10A . The PV relation around zero transmural pressure can be stimulated by the same model consisting of a time-varying elastance [E(t)] plus an inverted battery (Ba) that we adopted previously. 7 Elastance is the reciprocal of capacitance. E(t) is identical with what Suga et al 3 proposed as a model for LV systolic PV relation in the positive pressure range. Ba is the element that we add to simulate the PV relation in the negative pressure range. Zero transmural pressure is simulated by grounding the external point of E(t). The internal point of E(t) is biased by the negative voltage Pn.
At the end of diastole, E(t) has been charged to the positive voltage -Pn with a quantity (analog of volume) of Vu, as shown in Figure 10B , in which the ordinate shows the voltage (analog of pressure P) of E(t). Under this condition, E(t) has a potential energy corresponding to the triangular area under EDPVR (AGKI in Figure 10D ).
During systole, E(t) ejects against -P n (>0) in Figure 10B or zero in Figure 10C , and the quantity in E(t) decreases from Vu to Vo. This corresponds to the thick horizontal trajectory from Vu to Vo in Figures 10B and 10C as well as that from G to H in Figure 10D . Simultaneously, E(t) performs external work corresponding either to the rectangle under the thick ESPVR in Figure 10B or rectangle GHJI in Figure 10D . However, the ventricle as a whole does not perform any external work because the ejection occurs against zero pressure. We could consider that the positive external work performed by E(t) is absorbed by Ba and the potential energy corresponding either to the small triangular area under the thick ESPVR in Figures  10B and 10C or small triangular area HKJ in Figure 10D is generated. Therefore, the total mechanical energy (TME) actively generated by ventricular contraction corresponds to PVAo (AGHK) because AGKI existed passively at the onset of contraction, in the same way as TME in the positive pressure range. 1418 During diastole, E(t) is filled from Vo to Vu either by -P n (>0) in Figure 10B or by zero transmural pressure in Figure 10C as the PV relation returns from ESPVR to EDPVR. The net external work of left ventricle is zero during diastole, but E(t) receives work corresponding to the rectangle GHJI ( Figures  10B and 10D ). Of this work plus the potential energy (AHKJ), AGKI is paid as the end-diastolic potential energy. AGHI corresponding to PVAo is paid back to E(t) and is assumed to be dissipated eventually as heat in the same way as PVA of contractions with no net external work in the positive pressure range. 14 If Ba were zero as believed in the 1930s 19 and as assumed for the sake of simplicity in our previous studies, 3101418 PVAo would become zero and there would be no suction and ejection under zero pressure. Thus, the inverted Ba serves as the driving force of diastolic suction, and PVAo serves as the energy for the diastolic suction.
Despite the well-known relative unimportance of PVAo in ordinary contractions, 20 PVAo becomes important for ventricular filling when the transmural pressure for filling is near and below zero as follows. The ventricle can suck as much as 12 ml/100 g left ventricle even when the source pressure for filling is zero by the returning of the volume axis intercept from Vo to Vu during diastole. 7 The blood has viscosity and inertia, which require the ventricle to produce a pressure gradient across the mitral valve. 7 The pressure gradient means a negative pressure in the ventricle when the source pressure for filling is zero. 7 As shown in the previous study, this filling requires the ventricle to perform work. 7 We consider that the energy in terms of PVAo is the source of this mechanical work for the filling by suction.
We do not know at present the elements of myocardium corresponding to the inverted Ba in the model shown in Figure 10A . Ultrastructural studies of myocardial cell and bundles of cells have shown different structures that are strained during systole and recover during diastole. 21 -23 They are intracellular elastic network, thin filaments, and connections between cells. These are strained by systolic shortening. These strains require mechanical energy. Part of this energy is considered to be used to restore diastolic lengths of the cell and the bundle of cells. 2 '- 23 The restoring force is the source of the elastic recoil of the ventricular wall and the suction of the ventricle during relaxation.
To summarize, a new volumetric method enabled us to determine accurately the PV trajectories in the negative pressure range in the excised crosscirculated dog left ventricle. ESPVR and EDPVR intercept the volume axis at two different volumes (Vo and Vu, respectively). ESPVR and EDPVR converge on a point at a pressure of - 5 10 mm
Hg and a volume of 8 ml/100 g left ventricle. The difference between Vu and Vo corresponds to the suction volume of left ventricle at zero transmural pressure. The potential energy for diastolic suction corresponds to the PV area between ESPVR and EDPVR below the volume axis.
